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Big? 
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How Many is a 
LOT? 
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The Nature of the Stars 

Preview 7 




Sputnik 
means 
satellite in 
Russian. 
It was 
shaped 
like a 
sphere 
and had 
four 
radiating 
radio 
antennae.  
It was 
launched 
on 
October 
4th, 
1957. 
 






This is a replica of one of the earliest telescopes made by Galileo Galilei (1564-1642) after he learnt of the 
invention of the telescope in 1608. This refracting telescope magnifies only 14 times and gives a very restricted 
field of view. As a result Galileo was only able to view about a third of the Moon through his telescopes. However, 
despite these limitations, Galileo published 'Sidereus Nuncius' ('The Starry Messenger') in 1610, which describes 
the celestial sights he saw with his new telescope. These included craters on the Moon, the phases of Venus and 
the moons of Jupiter. This facsimile was made in 1923 at the Museo di Fisica e Storia Naturale, in Florence, Italy 
where the original still resides. 

Edwin Powell Hubble 
November 20, 1889 – 
September 28, 1953 
The 100-inch Hooker telescope at  
Mount Wilson Observatory that 
Hubble used to measure galaxy 
distances and a value for 
the rate of expansion of the 
universe. 






Annie Jump Cannon (1863-1941, American) was a member of the famous group of Harvard 
astronomers called 'Pickering's Women'. The director of the Harvard College Observatory, 
Edward Pickering, hired a number of women to sort through and organize mounds of data 
on the stellar classification of stars. The stars were classified by their spectra, and Annie 
Cannon was the most prolific and careful of the workers. She single-handedly classified 
400,000 stars into the scheme we use today (O B A F G K M), and discovered 300 variable 
stars. She paved the way for women entering the astronomical field. 

An electronic device is commonly used to 
record the image at a telescope’s focus 
Sensitive light detectors called 
 charge coupled devices (CCDs) 
 are often used at a telescope’s 
 focus to record faint images 
































Cosmic Distance Ladder 





Cosmic Distance Ladder 






Cosmic Distance Ladder 



The spectra of stars reveal their 
chemical 
compositions as well as surface 
temperatures  
• Stars are classified 
into spectral types 
(subdivisions of the 
spectral classes O, B, 
A, F, G, K, and M), 
based on the major 
patterns of spectral 
lines in their spectra 
HOW DO WE MEASURE 
DISTANCE? 
• Gauging a galaxy’s actual distance is 
difficult. 
•  Hubble managed it by observing the 
apparent brightness of stars called Cepheid 
variables, whose intrinsic brightness is 
known. 
CEPHEID VARIABLES 
• The most important variables stars in 
astronomy 
• 1n 1912 Henrietta Leavitt discovers a 
relationship between a cepheids period of 
light change with its absolute brightness 
• comparing this absolute brightness with its 
apparent brightness we can determine its 
distance with the inverse square law. 
Henrietta Leavitt Calibrates the Stars  
Henrietta Swan Leavitt  
(1868-1921). 
• Working at Harvard College Observatory, 
Leavitt precisely calibrated the 
photographic magnitudes of 47 stars to 
which all other stars could be compared.  
• Humanity's understanding of the relative 
brightness and variability of stars was 
revolutionized by her work . 
 
Leavitt published her findings in 1912 -- in a chart of 25 cepheid periods  
and their apparent brightness.  Using this, astronomers only needed to 
know the period of a cepheid variable to figure out how bright, and  
therefore how far away it was. Until then, methods for measuring distances 
in space only worked within  about 100 light years. With Leavitt's findings, 
distances of cepheids could be determined up to 10 million  light years. 
This became the "yardstick to the universe" used by Edwin Hubble and 
others to make  discoveries that changed our view of our galaxy and the 
 universe.  
        Astronomers have found that there is a relation between the period        
of  a Cepheid and its luminosity. 
 
 
      Find the period.  
    This gives the luminosity(absolute brightness).  
    Measure the apparent brightness( what we see).  
    With the inverse square law, determine the distance to the 
    cepheid using the luminosity and apparent brightness. 
This enables astronomers to 
determine distances 
•   
Cosmic Distance Ladder 
 
WHAT  IS A TYPE IA 
SUPERNOVA? 
 
• Type Ia supernova occur when a white 
dwarf, an aging star about the same size of 
the earth but with roughly the same mass of 
the sun, a million times more dense than 
ordinary matter, accumulates too much 
matter from a companion star. 

In 1987 a nearby supernova gave us a close-up look at the 
death of a massive star. SN 1987A was a supernova in the 
Large Magellanic Cloud (a nearby dwarf galaxy). It occurred 
approximately 168,000 light-years from the earth 



 
• Just after a new moon, when the sky is dark, 
we make images of 50 to 100 patches of 
sky, each containing roughly a thousand 
distant galaxies. Three weeks later, the 
same patches are imaged again. 
 



EXPANDING AND 
ACCELERATING 
 
• The surprising discovery that the universe is 
accelerating, and thus is likely to go on 
forever, is based on observations of these 
type Ia supernovae. 










General Relativity Effects 
Near Black Holes (2) 
An astronaut descending 
down towards the event 
horizon of the BH will be 
stretched vertically (tidal 
effects) and squeezed 
laterally. 
This effect is called 
“spaghettification.” 

The Butterfly 
A Lesson on Evolution 







Stellar Evolution: 
The Deaths of Stars 
Stellar Evolution: 
The Deaths of Stars 

In 1987 a nearby supernova gave 
us a close-up look at the death of 
a massive star 












And Now, 
the Biggest 
Question in 
the 
Universe 
THE FATE OF THE COSMOS 
• Some say the world will end in fire, 
• Some say in ice……..  
 
• “Fire and Ice,”   Robert Frost, 1923 
 
• After years of observations using telescopes 
all around the globe, the international 
Supernova Cosmology project led  by 
astrophysicist Saul Perlmutter has gathered 
enough compelling evidence to predict the 
fate of the universe. 
Our Galaxy was the Universe 
• 1917 Einstein and other physicists believed 
our own Galaxy was all there was to the 
universe 
• a uniformly dense collection of stars and 
other matter floating in the void 
• problem was, Einstein’s new  
General Theory of Relativity would not 
allow for a static universe 

Einstein’s fudge factor 
• Cosmological Constant  Lamda 
• many values of Lamda are allowed 
• Einstein picks a value which gives solutions 
for a static universe 
 


 
“matter tells space-time how to curve,      
and space-time tells matter how to 
move”------John A. Wheeler 
• One of the fundamental ideas in general 
relativity is that matter and energy act to 
curve space-time, ie they tell the metric 
equation how to behave. 
• It is Einstein’s field equations that describe 
this mathematically  
An Expanding Universe 
• Then in 1929  
• Hubble finds the universe full of countless 
galaxies and  
• Hubble discovers light from galaxies are 
redshifted 
 
Discovery! 
Hi z Supernova Team 
Supernova Cosmology Project 

Indirect Detection 
Galaxy Rotation  -  Missing Mass 
Cosmic Acceleration 
& Dark Energy  
• Evidence for cosmic acceleration is very 
solid (meets “Sagan criterion”) 
• Understanding is not  
• No evidence that dark energy is not the 
energy of the quantum vacuum 
• Many important projects underway 




Einstein recanted too soon. 
• Observations of distant type Ia supernova 
place them significantly farther away than 
would be expected from their redshifts. 
•  Something is pushing everything apart 
faster than it did in the early universe.  
• cosmological constant Lamda is the best 
candidate. 
• Vacuum energy density. 
Startling Discovery Confirmed 
• So instead of slowing down, as everyone 
has expected, the universe is in fact 
speeding up. This acceleration  appears to 
be due to the cosmology constant, lamda, 
which may represent as much as 70% of the 
total mass density of the universe. 
•  Lamda’s exact nature remains a mystery, 
the universe may expand forever! 



“it ain’t over till it’s over” 
  
General Relativity Effects Near 
Black Holes (3) 
Time dilation 
Event Horizon 
Clocks starting at 
12:00 at each point. 
After 3 hours (for an 
observer far away 
from the BH): 
Clocks closer to the 
BH run more slowly. 
Time dilation 
becomes infinite at 
the event horizon. 
General Relativity Effects 
Near Black Holes (4) 
Gravitational Red Shift 
Event Horizon 
All wavelengths of emissions 
from near the event horizon 
are stretched (red shifted). 
 Frequencies are lowered 
Black Holes 
Just like white dwarfs (Chandrasekhar limit: 1.4 Msun), 
there is a mass limit for neutron stars: 
Neutron stars can not exist 
with masses > 3 Msun 
We know of no mechanism to halt the collapse 
of a compact object with > 3 Msun. 
It will collapse into a single point – a singularity: 
=> A Black Hole! 
Escape Velocity 
Velocity needed 
to escape Earth’s 
gravity from the 
surface: vesc ≈ 
11.6 km/s.  
vesc 
Now, gravitational 
force decreases 
with distance (~ 
1/d2) => Starting 
out high above the 
surface => lower 
escape velocity.  
vesc 
vesc 
If you could compress Earth to a smaller radius 
=> higher escape velocity from the surface  
General Relativity Effects 
Near Black Holes (1) 
At a distance, the 
gravitational fields of a black 
hole and a star of the same 
mass are virtually identical. 
At small distances, the much 
deeper gravitational potential 
will become noticeable. 
Observing Black Holes 
No light can escape a black hole 
=> Black holes can not be observed directly. 
If an invisible 
compact object is 
part of a binary, 
we can estimate 
its mass from the 
orbital period and 
radial velocity. 
Mass > 3 Msun 
=> Black hole! 
THE DISTANCE LADDER 
• parallax 
• redshift 
• inverse square law 
• cepheid variables 
• type Ia supernova 


STANDARD CANDLES 
• these stars can thus be used as “standard 
candles” to measure distance, as more 
distant cepheids appear dimmer (apparent 
brightness), but their period is not effected 
by their distance.  
• Hubble compared the redshift with the 
distance and discovered the expansion. 
 
A NEW MILEPOST MARKER 
• Scientists figured that over the 12-15 billion 
years of the universe, the expansion would 
slow down slightly, thanks to the pull of 
gravity that every galaxy exerts on each 
other. But spotting such a change would 
require probing deep into space by looking 
at stars glittering billions of light years 
away, too far for cepheid to be seen 

• Type Ia supernova are white dwarfs which 
have a companion star and are slurping up 
matter from the companion. They become 
denser and denser until a runaway 
thermonuclear firestorm ignites. This 
nuclear cataclysm blows the dwarf star 
completely apart, spewing out material at 
about 10,000 kilometers per second. 





SUPERNOVA COSMOLOGY 
PROJECT      
1998 BREAKTHROUGH OF THE   
YEAR 
 




HUBBLE’S LAW 
• He also finds that distant galaxies are 
redshifted more than light from the closer 
galaxies therefore…... 
•  the universe is indeed expanding  
• Hubble discovered that the speed of 
recession is proportional to the distance 



A BIG MISTAKE? 
•  Einstein dismissed his cosmological 
constant idea as 
• “the biggest blunder of my life” 

The Nature of the Universe Debate 
•  most believed that the universe was 
slowing down, due to gravity acting on 
matter in the universe. The question was... 
•  How quickly was it slowing down?  
•  What is the mass density of the universe? 
•  Enough to reverse the expansion and 
eventually end the universe in a Big 
Crunch? 
NEW KIND OF STANDARD CANDLE  
• Type Ia Supernovas  
• So for the past 20 years, astronomers have 
turned to the brightness of supernovae 
which happen nearly the same way each 
time.  But these massive explosions are rare, 
only 2 or 3 erupt in a typical galaxy per 
millennium. 
 

How often do Type Ia supernova 
occur? 
 
• Type Ia supernova are rare, in a typical 
galaxy they may occur two or three times in 
a thousand years- and to be useful they must 
be detected while they are still brightening.  
 
CATCH AN EXPLODING 
STAR 
•  Although such stellar explosions in our 
own galaxy are very rare if you could 
monitor a few thousand other galaxies you 
can expect about one type Ia will appear 
every month. Indeed, there are so many 
galaxies in the universe that somewhere in 
the sky supernova bright enough to study 
are occurring every few seconds. 
TIME AND ABSOLUTE 
BRIGHTNESS 
• The glow of this expanding fireball takes 
about 3 weeks to reach its maximum 
brightness and then declines over a period 
of months.  These supernova vary slightly 
in their brilliance, but there is a pattern: 
bigger, brighter explosions last somewhat 
longer than fainter ones.  
SUPERB CANDLES 
 
•  Type Ia supernova are so similar, whether 
nearby or far away, that the time at which 
the explosion starts can be determined just 
by looking at their spectrum. 
• Type Ia Explosions are so bright that for a 
few days they can be brighter than the entire 
galaxy 
COSMOLOGY PROJECT 
• So by monitoring how long they last, 
astronomers can correct for the difference 
and deduce their inherent brightness to 
within 12 percent. 
•  Over the past few years  modern light 
detectors  have made these flashers the best 
calibrated standard candles known to 
astronomers. 
 
Astronomers Find a Way 
•  The deployment of large electronic light 
detectors on giant telescopes produce digital 
images of faint objects over sizeable swaths 
of the sky. A single exposure from these 
new cameras covers an area about as big as 
the full moon and creates a picture of 5000 
galaxies in 10 minutes. 
 
 
Preview CO 

THE PROCEDURE IS SIMPLE 
• Finding distant supernova Ia is just a matter 
of taking a picture of the same part of the 
sky a few weeks apart and searching for 
changes that might be exploding stars. 
Because the digital light detectors can count 
photons in each picture element precisely, 
we simply subtract the first image from the 
second and look for significant differences 
from zero.  
WHAT’S THE WEATHER? 
• Because we are checking thousands of 
galaxies in each pair of images we can be 
confident that the search of multiple pairs 
will find many supernova-as long as the 
weather is good. 
 



Two Technological Enablers: 
 
1. Large CCD Cameras 
2. SNe Ia:  Bright, 
Standardizable Candles 
• Then with the help of the Keck Telescope in 
Hawaii we confirm the spectrum and 
redshift. We then call the Hubble telescope 
into action to study the most distant 
supernova, giving much more accurate data 
than can be achieved from the ground. 
 
 

THE UNSEEN EFFECT OF  
DARK MATTER 
Overview 
•Definition 
•Current Understanding 
•Detection Methods 
•Cosmological Impact 
Definition of Dark Matter 
Matter that can be seen by its gravitational 
effects, but does not emit light. 
Dark Matter Not Dark Matter 
Hot or Cold? 
Dark matter comes in two forms: 
Hot Dark Matter (HDM) 
 -very small particles (neutrinos) 
 -relativistic velocities 
Cold Dark Matter (CDM) 
 -more massive and slower 
 -able to form smaller structures like galaxies 
Baryons vs. Non-Baryons 
CDM could be made of two types of matter 
Baryons 
 -Strongly interacting fermions 
 -”Normal” matter  
The most famous baryons are the protons and 
neutrons which make up most of the mass of the 
visible matter in the universe 
Non-Baryons 
 -Formed during the Big Bang 
 -Suitable candidate not directly observed (yet) 
Baryonic matter is matter composed mostly of baryons (by 
mass), which includes atoms  of any sort (and thus includes 
nearly all matter that we may encounter or experience in 
 everyday life, including our bodies). Non-baryonic matter, 
as implied by the name, is  any sort of matter that is not 
primarily  composed of baryons. This might include such 
ordinary matter as neutrinos or free  electrons; however, it 
may also include exotic species of non-baryonic dark matter, 
such as supersymmetric particles, or black holes. The 
distinction between baryonic  and non-baryonic matter is 
important in cosmology, because Big Bang nucleosynthesis  
models set tight constraints on the amount of baryonic matter 
present in the early universe. 
MACHOs 
•Brown Dwarfs 
•Exist in the halo of galaxies 
•Attempts to explain Cold 
Dark Matter without new 
particles 
MAssive Compact Halo Objects 
WIMPs 
•Undiscovered non-baryonic particle 
•Interacts only through the weak and gravitational 
 forces  
•High mass corresponds to a lower kinetic energy, 
 making the particle “cold” 
Weakly Interacting Massive Particles 
WIMPs 
•Several candidates for WIMPs are predicted by 
supersymmetry 
•Neutralinos are the most probable 
•non-interacting 
•Combination of Z-boson, photon, and Higgs boson 
superpartners 
 
Supersymmetry 
Consensus? 
•No WIMPs have been directly observed  
•Groups studying MACHOs have not found enough objects 
to account for the missing mass problem 
•Cold Dark Matter probably a mixture of both baryonic and 
non-baryonic matter  
•We still do not know for sure 
Looking for WIMPs 
Several groups are currently running experiments to find WIMPs 
•Cryogenic Dark Matter Search (CDMS) 
•Cryogenically cooled crystals 
•DAMA experiment 
•Scintillation detectors 
 
Both detect the collision between a WIMP and target nuclei 
Universal Composition 
Universal Implications 
 = Actual Density / Critical Density 
Universal Overview 
•Dark matter slows the universal expansion rate 
•Density of dark matter affects the fate of the universe 
Low density leads to accelerating expansion 
High density leads to Big Crunch 
Dark matter density affects the universal geometry 
Low density leads to open universe 
High density leads to closed universe 
Universal Overview 
•Current measurements indicate a flat 
universe with accelerating expansion 
•The existence of dark matter can explain 
these observations 
•Detecting dark matter can confirm 
measurements 


The summit of 
Cerro Tololo  in Chile 
 




Neutrinos emanate from supernovae like 
SN 1987A  
More than 99% of the energy from such a supernova is emitted in the 
form of neutrinos from the collapsing core 
We live in a universe  
 
•governed by physical laws. The universe is 
understandable.  
 
•where the speed of light is finite. We can look back in 
time.  
 
•that had a beginning about 14 billion years ago. 
•  
•illuminated by starlight -- for now.  
 
Preview 8b 
Preview 9 
Preview 9a 
Preview 9b 

Published Light Curves for Nearby Supernovae 
Low-z SNe:  
 
Anchor Hubble diagram 
 
Train Light-curve fitters 
 
Need well-sampled, well-
calibrated, multi-band LCs 















DARK ENERGY 
What is the Nature of the Dark 
Energy? 
  
 70% 
3 
Is it constant or varying in time? 
Is it just Einstein’s cosmological constant,   
? 
  Can We Tell? 
DARK MATTER 
What is the Nature of Dark Matter? 
  How does dark matter interact with ordinary 
baryonic matter ? Is it wimpy? 
 25% 
2 
Can we detect the dark matter wind 
flowing through the laboratory? 
a  e produce the dark matter  
in the laboratory? 
Is it made of Supersymmetric 
Neutralinos, Axions or ?  

The International Year of Astronomy 2009 (IYA2009) is a 
global celebration of astronomy and its contributions to 
society and culture and marks the 400th anniversary of 
the first use of an astronomical telescope by Galileo 
Galilei. 
We live in a universe  
 
•governed by physical laws. The universe is 
understandable.  
 
•where the speed of light is finite. We can look back in 
time.  
 
•that had a beginning about 14 billion years ago. 
•  
•illuminated by starlight -- for now.  
 
that evolves in our galaxy  
 
And  about once a year a star is born  
In our galaxy  
 
And  about  
Every ten years or so, a star runs out of fuel and dies.  
dying stars leave behind compact remnants : 
white dwarfs, neutron stars, and black holes.  
 
white dwarfs neutron stars 
black holes 
gravity creates illusions  
 
•yet gravity always wins in the end.  
 
where stars form clusters,  
galaxies, and 
clusters of galaxies. 
where galaxies collide.  
 
where black holes with masses of billions of suns, 
power the central engines of galaxies.  
 
where once a day a star explodes in a gamma ray 
burst, releasing the energy of 1000 suns.  
 
 
 
where all heavy elements have been created in 
stars. 
 You are made of "star stuff". 
full of debris  
where life developed at least 
once.  
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NO MAN HAS GONE 
BEFORE 
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